ABSTRACT As opposed to the GPS real-time precise point positioning (PPP) with sophisticated orbit/clock recovery method, BDS real-time PPP applications were limited by the fact that no internationally recognized BDS issue of data (IOD) calculation and matching method was defined. This paper proposes a simplified BDS broadcast ephemeris and state space representative (SSR) matching method for the BDS precise orbit and clock recovery in real time. Unlike the existing method, the proposed method does not need to perform IOD calculation which involves several bitwise operations. Instead, it only needs to monitor the BDS SSR IOD updating status. Comparison result shows that the proposed method can reduce 6.97% computational time for the 24-hour real-time orbit/clock product recovery. Using the proposed matching method, Centre National d'Études Spatiales (CNES) BDS real-time orbit and clock product from day of year (DOY) 119 to 128 2018 were evaluated. By comparing the 10-day dataset with German Research Centre for Geosciences Potsdam (GFZ) final products, we could see that BDS real-time orbit accuracies were greatly improved, i.e. 1.644-6.143 m real-time precise orbit for Geosynchronous Earth Orbit (GEO) satellites, 0.059-0.286 m for Inclined Geosynchronous Satellite Orbit (IGSO)/Medium Earth Orbit (MEO) satellites. In the meantime, 0.12-2.32 ns real-time clock precision was obtained. Both static and kinematic tests were adopted to evaluate BDS-only real-time PPP using CNES real-time corrections. The results indicated that cm-level horizontal and <0.1 m vertical precisions were obtained in static experiment. As for the kinematic test, <0.1 m horizontal and dm-level vertical precisions were obtained in an unmanned aerial vehicle experiment.
I. INTRODUCTION
International Global Navigation Satellite System (GNSS) Service (IGS) real-time service (RTS) provides GPS and (experimental) GLONASS real-time orbit and clock corrections to support real-time precise point positioning (PPP) [1] . Previous studies have mainly emphasized the assessment of GPS/GLONASS real-time products. For example,
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Chen et al. [2] revealed that the IGS GPS real-time clock was reported to be 0.2 ns in root mean square and 0.1 ns in standard deviation comparing to IGS final products. Hadas and Bosy [3] compared one-week IGS real-time orbit/clock products with respect to European Space Centre (ESA) final products, and concluded with 4.8 cm/0.28 ns and 13.4 cm/0.82 ns for GPS and GLONASS orbit/clock accuracy/precision, respectively. Krzan [4] compared three IGS real-time products (IGS01, IGS02, IGS03) and concluded that GPS-only positioning solutions with IGS02/03 VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ performed much better than that with IGS01. In addition to the IGS combined product, several individual Analysis Centers (ACs), including Bundesamt für Kartographie und Geodäsie (BKG), German Research Centre for Geosciences Potsdam (GFZ) and Centre National d'Études Spatiales (CNES) and so on, also provide their own real-time products (http://www.igs.org/rts/contributors). Shi et al. [5] applied CNES real-time GPS orbit (<5 cm accuracy) and clock (<0.5 ns precision) corrections in a local troposphere augmentation model to speed up the real-time GPS PPP convergence. Zhang et al. [6] carried out a GPS real-time product comparison among seven ACs, and arrived at the consistency with 3.8-7.5 cm orbit accuracy and 0.06-0.18 ns clock precision with respect to IGS final products. Based on the IGS RTS, GPS and GLONASS real-time PPP has been applied into several fields. Shi et al. [7] and Yuan et al. [8] applied GPS real-time PPP into precipitable water vapor monitoring and forecasting. Ding et al. [9] and Douša et al. [10] demonstrated the real-time troposphere parameter estimation performance using realtime GPS/GLONASS orbits and clocks. Shi et al. [11] extended GPS real-time kinematic PPP to aerial triangulation. Geng et al. [12] implemented high-rate GPS/GLONASS realtime PPP in the seismogeodesy application. As for real-time applications in practice, the real-time correction loss was a critical and unavoidable issue. Therefore, Nie et al. [13] recommended a real-time orbit and clock extrapolation algorithm to resolve the correction loss issue.
With the Multi-GNSS Experiment and Pilot Project (MGEX) started in 2011 [14] , several IGS ACs begin to provide multi-system satellite products including BDS and GALILEO as well as GPS and GLONASS [15] , [16] . Besides multi-GNSS final products, multi-GNSS real-time orbit/clock products are also available from some analysis centers. Wang et al. [17] evaluated real-time multi-GNSS products from CNES. The average GALILEO orbit/clock accuracy/precision is better than 8 cm/0.13 ns respectively comparing with GFZ final product, whereas result for BDS (without GEO) is 26 cm/0.24 ns. Kazmierski et al. [18] also evaluated real-time orbit/clock products from CNES with respect to final products generated by Center for Orbit Determination in Europe (CODE). The average Signal-inspace ranging errors (SISRE) for BDS (without Inclined Geosynchronous Satellite Orbit (GEO) satellite)/GALILEO is 0.117/0.099 m, respectively.
Despite intensive real-time multi-GNSS PPP investigations, very few agencies disseminated real-time BDS orbit/clock products. As of March 2019, four agencies, i.e. CNES, GFZ, Deutsches Zentrum für Luft-und Raumfahrt (DLR) and Chinese Academy of Science (CAS), publicly broadcasted real-time BDS orbit and clock corrections via Internet. Li et al. [19] assessed the performance of GFZ BDS real-time products and concluded with 10 cm real-time orbit accuracy and 0.13 ns clock precision. Wang et al. [20] made a real-time BDS kinematic PPP experiment which indicated that CNES BDS real-time product was better than CAS.
In the meantime, several research institutes relied on regional multi-GNSS networks and generated their own real-time BDS orbit/clock products. For example, Lou et al. [21] used BDS Experimental Tracking Stations (BETS) and MGEX networks to estimate BDS real-time orbit/clock. Ding et al. [22] [23] . Due to the non-uniqueness property of BDS AODC/AODE, they cannot be utilized as the sole matching indicator. Instead, other auxiliary parameters contained in the BDS broadcast ephemeris should be involved to calculate IOD. For example, Zheng et al. [24] proposed three potential BDS IOD calculation algorithms making use of 18-bit BDS time of ephemeris (TOE), 8-bit TOE least significant bit, and a combination of TOE and AODE. CNES adopted a bitwise operation based IOD calculation algorithm using 18 parameters from the BDS broadcast ephemeris [25] . This paper develops a simplified BDS broadcast ephemeris and SSR matching method that does not need to perform IOD calculation. Compared with the existing method with bitwise operations, the proposed method can reduce the BDS realtime precise orbit/clock recovery computational time because it only needs to monitor the BDS SSR IOD updating status. With the proposed matching method, CNES BDS real-time orbit accuracy and clock precision were evaluated. A static experiment with sufficient BDS satellite visibility and a kinematic experiment with limited satellite visibility were carried out to assess BDS-only real-time PPP using CNES real-time products, followed by conclusion remarks.
II. A SIMPLIFIED BDS BROADCAST EPHEMERIS AND SSR MATCHING METHOD
BDS real-time precise orbit and clock are calculated by
(1)
where X BRDC is the satellite coordinate computed by the broadcast ephemeris; [e radial e along e cross ] is the unit vector converting radical/along/cross corrections δO onto geocentric directions; t BRDC is the satellite clock offset computed by the broadcast ephemeris; t is the user time of interests; t 0 is the reference time obtained from the real-time clock correction product; C 0 , C 1 , C 2 are three clock correction coefficients in the real-time clock correction product; c is the light velocity [26] . In order to recover BDS precise orbit and clock in realtime, the SSR correction δO C 0 C 1 C 2 must be consistent with the broadcast orbit and clock X BRDC t BRDC . So far a bitwise operation method has been implemented in some software packages, such as PPP-Wizard and BNC, to achieve the matching of broadcast ephemeris and SSR correction. This section first gives a brief introduction of the existing bitwise operation method. Afterwards, a simplified method without the bitwise operation is proposed and explained with detailed procedure.
A. EXISTING METHOD
IOD is the indicator to match real-time SSR correction with broadcast ephemeris. The correspondent matching method based on the IOD is demonstrated in Figure 1 which includes three steps:
Step 1: Calculate BDS IOD from broadcast ephemeris as
where the function f is a set of complex bitwise operations. 
Next, five zero bits are added at the end of the binary string to yield 52 bytes, an equivalence of 416 bits. Finally, IOD BRDC is calculated as a control sum CRC-24 of the obtained 52 bytes.
Step 2: Retrieve BDS SSR according to the RTCM format definition.
Step 3: Compare IOD BRDC in Step1 and IOD SSR in Step 2. If IOD BRDC = IOD SSR , the matching of BDS broadcast ephemeris and SSR correction is achieved. Otherwise, move to the BDS SSR correction at the next epoch and repeat
Step 1-3.
B. A SIMPLIFIED MATCHING METHOD
According to the RTCM definition, the BDS broadcast ephemeris used for the SSR correction determination should be the newest one. However, a latency exists between the broadcast ephemeris reception time and the ephemeris nominal updating epoch. This latency agrees with the RTCM SSR description as ''it is recommended to delay the use of the latest broadcast message for a period of 60 seconds, measured from the time of complete reception of ephemeris and clock parameters, in order to accommodate rover applications to obtain the same set of broadcast orbital and clock parameters'' [26] .
In order to investigate the latency issue, we plot an IOD series of CNES BDS SSR correction on the day of year (DOY) 119 2018 for C01 (GEO), C06 (Inclined Geosynchronous Satellite Orbit (IGSO) satellite) and C11 (Medium Earth Orbit (MEO) satellite) satellites, respectively, in Figure 2 . It is clear that the BDS IOD SSR updating time lags behind the broadcast ephemeris nominal updating epoch, for example by 86 s for C01 and 76 s for C06 and C11 at BDS time 12:00.
We further depict the latency result on DOY 119 2018 for all 14 satellites in Table 1 . First, no BDS SSR correction VOLUME 7, 2019 is available for C04. Second, due to the SSR correction loss, only nine IOD updates are available for C14. Third, except for C04 and C14, all satellites have 24 IOD updates which are consistent with the nominal BDS satellite broadcast ephemeris updating interval. It could be seen from Table 1 that the latency varies from 76 to 86 seconds for all satellites. Recall that the RTCM recommends ''. . . delay the use of the latest broadcast message for a period of 60 seconds in order to accommodate rover applications to obtain the same set of broadcast orbital and clock parameters''. The 60-s latency is suggested for the server side. Instead, the userside detected latencies are a combination of the server-side latency, SSR calculation period and the network transmission period.
Based on the above BDS SSR IOD latency analysis, we propose a simplified method to match the BDS broadcast ephemeris and the SSR correction at the user side. Specifically, users just need to monitor the BDS SSR IOD SSR updating status, rather than the complex bitwise operation (Eq. 3) in the existing method (Figure 1 ). From this point of view, the computational complexity of the developed method is reduced. Figure 3 illustrates the flowchart of the proposed method which contains three steps:
Step 1: Retrieve BDS SSR IOD SSR according to the RTCM format definition.
Step 2: Monitor whether the user receiver startup time is beyond the latency with respect to the broadcast ephemeris nominal updating epoch (defined as the lag period hereinafter). If yes, move to Step 3. Otherwise, move to the next BDS SSR correction and repeat Step 1 until the BDS SSR correction is beyond the lag period. The lag period should be selected as the maximum value as listed in Table 1 .
Step 3: Monitor the BDS SSR IOD SSR updating status. If the value of IOD SSR is changed, then this SSR correction is matched to the newest broadcast ephemeris. Otherwise, this SSR correction is matched to the previous broadcast ephemeris.
III. VERIFICATION OF THE PROPOSED MATCHING METHOD FOR BDS-ONLY REAL-TIME PPP
In this section, the computational efficiency of the existing and proposed method is reported with a ten-day CNES realtime SSR correction dataset. Then, with the simplified BDS broadcast ephemeris and SSR matching method proposed in this paper, CNES BDS precise real-time orbit and clock were recovered and evaluated with respect to GFZ final products (named GBM hereinafter). Using the recovered BDS real-time products, both static and kinematic experiments were conducted afterwards. The static experiment concerned the daily observation of four selected tracking stations, whereas the kinematic experiment focused on a 1.5-hour unmanned aerial vehicle (UAV) positioning with limited satellite tracking.
A. COMPUTATIONAL EFFICIENCY ANALYSIS
In order to investigate the computation efficiency difference between the existing and the simplified matching method, we carried out a ten-day (DOY 119 to 128 2018) real-time precise orbit/clock recovery experiment concerning the consumed time using both methods with results depicted in Figure 4 . The existing matching method costs 19.069∼22.958 seconds for a 24-hour real-time precise orbit/clock recovery (sampling interval of 5 s, 17280 epochs). By using the proposed method, the computational time was reduced to 17.659∼20.719 seconds, an equivalence of 4.5∼10.8% improvement. Table 2 listed the daily and overall real-time precise orbit/clock recovery results using the existing and the proposed method, respectively. First of all, due to the internet packet loss problem, not all epochs could be recovered. Instead, the recovered real-time precise orbit/clock rates were exactly identical for both methods, i.e. 97.64%. Second, the proposed method could reduce the recovery time consumption for every day with 4.50∼10.84% improvements. An overall improvement of 6.97% for this 10-day scenario was achieved with the proposed simplified method. satellites, numerical analyzes were further divided by the type category, i.e., GEO (C01-C05), IGSO (C06-C10, C13) and MEO (C11, C12, C14). On DOY 119 2018, no CNES realtime SSR corrections were available for C04 and blunders occurred for C14. As the result no statistical bars were shown for these two satellites. First, GEO satellites had an obviously worse orbit accuracy than IGSO and MEO satellites for both the broadcast and CNES real-time orbits. With CNES SSR corrections, the BDS GEO satellite's orbit accuracy was improved from 7.463 m to 4.120 m. In the meantime, IGSO and MEO accuracies were improved from 1.991/2.024 m to 0.322/0.180 m, respectively. Second, the BDS clock pattern was different from the BDS orbit pattern as shown in Figure 6 . C06 was selected as the reference satellite for the clock precision assessment. The overall broadcast clock precision of all available BDS satellites was 0.84 ns, whereas the CNES real-time clock precision was 0.33 ns.
B. EVALUATION OF RECOVERED CNES BDS REAL-TIME ORBIT/CLOCK
To further verify the proposed matching method, Figure 7 depicted the 10-day CNES real-time orbit accuracy (top) and clock precision (bottom) series on a satellite basis. The satellite pseudo random noise (PRN) code was marked beside the last available daily statistics. It was clear that IGSO/MEO orbit accuracies were better than GEO, i.e. 1.644-6.143 m real-time orbit for GEO satellites, 0.059-0.286 m (except 0.645-1.072 m for C06 on DOY 119 and 120) for IGSO/MEO satellites. Similar pattern could be identified for the clock precision, i.e. 0.54-2.32 ns for GEO satellites, 0.12-1.18 ns for IGSO/MEO.
C. STATIC EXPERIMENT
This sub-section assessed BDS-only real-time static PPP using CNES real-time orbit and clock recovered by the proposed matching method. For comparison purpose, VOLUME 7, 2019 FIGURE 6. CNES BDS real-time orbit accuracy (top) and clock precision (bottom) with respect to GBM on a satellite basis from DOY 119 to 128 2018.
positioning solutions using GBM were also obtained. BDS observations of four static stations, two located in China and two in Australia as listed in Table 3 , were processed. As opposed to some previous studies discarding GEO satellites in the multi-GNSS PPP estimation [20] , this study utilized GEO as well as IGSO and MEO satellites in the filter, but with a relatively larger observation variance according to the orbit and clock analysis before, i.e. GEO (100): IGSO (2): MEO (1).
The average values of the last 18-hour BDS PPP coordinates using GBM were used as the reference to evaluate the BDS-only real-time static PPP performance. Figure 7 depicted the daily positioning error series in east, north and up directions using CNES real-time SSR correction and GBM. The solution based on the GBM possessed better accuracy and shorter convergence time which could be seen from Figure 7 . Depending on the various receiver/antenna types and geographic locations, cm and sub-dm level positioning accuracies were obtained for horizontal and vertical BDS-only real-time PPP coordinates using CNES real-time corrections, respectively.
D. KINEMATIC EXPERIMENT
This sub-section performed BDS-only real-time kinematic PPP using CNES real-time orbit and clock recovered by the proposed matching method. A fixed-wing UAV was utilized to collect 5 Hz BDS dual-frequency observations with the receiver type of Geosun AGS 300 on DOY 172 2018 in central China. Six strips within the entire trajectory were selected for the analysis as shown in Figure 8 . Table 4 depicted visible BDS satellites which showed that no MEO but five GEO (C01-05) and four IGSO (C07/08/10/13) satellites were observed during the trajectory. BDS satellite availabilities contained in CNES real-time corrections and GBM were also provided. The comparison between the BDS satellite observability and product availability reflected that 1) MEO satellites were less observed in mainland China because of their small on-board amount. On the contrary, the regional coverage property of GEO and IGSO satellites enabled the long-time observability of five GEO and four IGSO satellites in this test. 2) CNES realtime product on DOY 172 2018 did not contain corrections for all BDS GEO satellites. Instead, only one GEO satellite C05 was provided in CNES real-time corrections. On the contrary, GBM provided orbit/clock of all BDS satellites even including GEO satellites C01-04. ENU coordinate differences using CNES real-time corrections with respect to the solution using GBM were demonstrated in Figure 9 . As this UAV test aimed at the aerial photogrammetry application that concerned the relative precision rather than the absolute accuracy [11] , only the stripdependent precisions of coordinate differences in six strips were analyzed. Their statistics were also provided in the chart. The horizontal precisions of the first five strips were very high, less than 8 cm. On the contrary, their vertical precisions were obviously lower. As for Strip #6, a sudden jump occurred in the coordinate difference series. This jump was caused by the BDS satellite change at two adjacent epochs. At the UTC time 06:42:40.4, four satellites C05/08/10/13 were utilized in the filter. At the UTC time 06:42:40.6, an IGSO satellite C07 replaced the GEO satellite C05 in the filter. The BDS satellite change in these two epochs led to the large jump in the coordinate series.
IV. CONCLUSION
In order to perform BDS-only real-time PPP, the BDS SSR correction must be consistent with the broadcast ephemeris for the real-time precise orbit and clock recovery. As opposed to the matching method based on IOD calculation for GPS real-time PPP, no internationally recognized IOD calculation method is defined for BDS. Some existing methods rely on the bitwise operation based on some ephemeris parameters, including TOE, AODE, IDOT and so on. Considering the computational complexity of the existing method, this study develops a simplified BDS broadcast ephemeris and SSR matching method that does not need to perform the IOD calculation. Instead, it only needs to monitor the BDS SSR IOD updating status. From this point of view, the BDS realtime precise orbit/clock recovery time can be reduced.
In order to verify the developed matching method, CNES BDS real-time orbit and clock product from day of year (DOY) 119 to 128 2018 were evaluated. During the real-time orbit/clock recovery, the proposed method shows a 6.97% computational efficiency improvement over the existing bitwise operation matching method. By comparing the 10-day dataset with GFZ final products, we can see that BDS real-time orbit accuracies were greatly improved, i.e. 1.644-6.143 m real-time precise orbit for GEO satellites, 0.059-0.286 m for IGSO/MEO satellites. In the meantime, 0.12-2.32 ns real-time clock precision was obtained.
Applying the recovered CNES real-time orbit and clock, both static and kinematic experiments were carried out. As regards the static test, BDS dual-frequency observations of four tracking stations located in the Asia-Pacific region were utilized to perform BDS-only real-time static PPP. Cm-level horizontal and <0.1 m vertical precisions were obtained for BDS-only real-time static PPP. A fixed-wing UAV experiment was conducted to assess the performance of BDS-only real-time kinematic PPP. Due to the less observability of BDS MEO satellites and the worse quality of BDS GEO satellites, the BDS-only real-time kinematic PPP was mainly based on IGSO satellites. Even using limited satellites, BDS-only realtime kinematic PPP was able to provide <0.1 m horizontal and dm-level vertical precisions when compared to the BDS post-mission PPP.
In summary, the proposed matching method was efficient and effective for the BDS real-time orbit and clock recovery without the IOD calculation. BDS-only real-time static PPP based on CNES real-time corrections can provide comparable precision as BDS-only post-mission PPP, whereas the real-time kinematic differences were much larger. The performance of BDS-only real-time kinematic PPP could be improved by more MEO launches and more precise GEO orbit/clock products which could be anticipated in the coming future.
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